reported the pre-oviposition behavior of AGM females and clarified that mated females showed fluttering, walking, and flight behavior for about one hour after sunset to search for oviposition sites, and then oviposited during the night. Charlton et al. (1999) reported a similar observation of AGM in central Siberia and Germany (an invasive population). Higashiura (1989a, b) observed that AGM females chose the height of oviposition sites to avoid predation by birds.
We observed virgin and mated AGM female behavior, especially flight behavior, in a net cage under natural photoperiodic conditions in order to evaluate female flight ability to establish effective control methods for AGM. We also observed other nocturnal behavior to obtain an overview of AGM female reproductive behavior.
MATERIALS AND METHODS
All observations were conducted at the Research Division of the Yokohama Plant Protection Station in Yokohama City. Most observations were conducted in 2007 and additional data were obtained in 2008.
The moths examined in this study were collected as larvae or egg masses in the field, and reared by feeding them cherry and pear leaves. We collected larvae in Yokohama City (35°20ЈN, 139°40ЈE) on May 22, 2007 and egg masses in Chiba City (35°30ЈN, 140°10ЈE) on November 30, 2006. In 2007, we reared larvae and pupae in our department (room temperature, 27-30°C and natural photoperiod). In 2008, they were reared outdoors in a plastic case with a screen net, or in the insect rearing room (Koito Co., PCSH-3, 20-25°C, 40-80% relative humidity (RH), 16L8D) from egg masses laid by adults of 2007, collected in Chiba only.
After emergence, they were kept in the department until the start of experiments.
Just before the start of each experiment, all females were marked on their forewings with an oil marker for individual recognition. Female behavior was observed in a net cage (experimental cage: 1.9 m height, 1.3 m width and 2.9 m depth) installed in a greenhouse under natural photoperiodic conditions. In the center of the experimental cage, we placed a cherry branch (ca. 150 cm in height, 2 cm in diameter) supplied with water, on which females were placed on day 0 to 2 after emergence. Observing conditions were 25-32°C controlled by air-conditioning and the natural day length of May to August. The sunset time during the experimental period was 18:40-19:00. Moth behavior was observed at intervals of 30-60 min, except for the period from around 22:00-5:00 (no observations). Night observation (19:00-22:00) was conducted with a portable light (K-1600; Toshiba Co.), taking care to avoid directly lighting the female body.
Observation 1: Behavior of virgin females. Virgin females of 0 d old were placed in the experimental cage on different days and observed until 20:00 on July 26, 2007 without mating. Two females were placed in the cage in the late afternoon on July 24, one in the early afternoon on July 25, and the other in the early afternoon on July 26 (see Fig. 1 ). The weather was fine throughout the experimental period. Two virgin females were also used for the same experiments on May 23-25, 2008. The weather was cloudy on May 23 and rainy on May 24-25.
In 2007, we observed female behavior for 5 min at hourly intervals during the daytime. From 19:00 to 21:00, when females are expected to be more active (Koshio, 1996) , we conducted continuous observation. After 21:00, their behavior was checked Calling was judged by the protrusion of the pheromone gland at the tip of the abdomen, but in some individuals, it could not be discriminated from rest easily. In those cases, we checked more carefully by spending extra times on assessment. Apart from the above three types of behavior, fluttering and walking were observed before and after flight or independently. We did not record these behaviors precisely, however, because of the continuous change from calling to these behaviors.
Observation 2: Behavior of mated females. From June 22 to August 12, 2007 and July 14-16, 2008 , we used 21 virgin females, including 3 out of 4 females from observation 1 (Nos. 1, 2, and 4 in Fig. 1 ), to observe mating and post-copulatory behavior. During this observation, one to eight males were always present in the experimental cage. After copulation, mated females were kept to oviposit in the cage until their deaths. We observed and recorded the time and duration of copulation and movement by flight, time of discovering the first oviposition, and longevity of females. In some cases, we could not observe female flight behavior directly but observed significant changes in their resting sites. In these cases, we also identified that they moved by flight once or more.
Observation 3: Flight distance and speed of a virgin female. In order to estimate the adult dispersion ability of AGM, we measured female flight speed; however, it was difficult to record their flight behavior using a video camera because almost all virgin and mated females flew at night (see Results). Only a virgin female flew actively before dark on July 10, 2007. We were therefore able to record her flight track in the experimental cage from 16:00 to 17:00 using the video function of a digital camera (Pentax Optio 750Z) and estimate the flight speed.
Observation 4: Flight duration of females. In May-July, 2007 and 2008, we examined the flight duration of 17 virgin and 18 mated females. During the daytime, some females were introduced into a small net cage (mating cage: 30 cm height, 30 cm width and 45 cm depth) with males to mate. At around 17:00, both virgin and mated females were transferred to the experimental cage installed in a greenhouse. We observed female behavior until 21:00 and recorded the start and end of their flight. In order to check re-flight after the end of each observation, the position of each female was recorded and checked again in the next morning, 6:00-9:00 am; however, most (16 virgin and 17 mated), except two individuals (one virgin and one mated), did not fly around midnight. Figure 1 shows the periodic behavioral change of four virgin females examined in 2007. Virgin females rested for several hours after emergence, and then initiated calling behavior. In the following days after emergence, calling behavior was initiated again in the morning and lasted until late evening. Movements by the flight of virgin females were observed in a limited period from 19:00 to 20:00, which coincided with one hour after sunset. Virgin females flew every evening, and two individuals (Nos. 2 and 4) showed movement and repeated calling during the evening of July 26. Calling was observed at night, as Koshio (1996) mentioned. In 2008, two virgin females also showed flight behavior in a limited period of 19:00-20:00 for two nights in succession.
RESULTS

Observation 1: Behavior of virgin females
Observation 2: Behavior of mated females
Copulation was observed not only during the day but also at night (Table 1) . In two cases, it started at 21:15 or 20:03, although females and males were released from 10:00 or 14:00 (Nos. 13 and 20). In four cases, copulation started at 20:03 or 20:05, only 3 or 5 min after male release (Nos. 14-17). In some cases (Nos. 6, 14-17, and 20), copulation did not finish within the period of observation, but all completed copulation and conducted the first oviposition the next morning.
Most females did not fly before copulation, except for females that could not mate during the daytime (Nos. 13-16). In general, females moved once after copulation, and then started the first oviposition within 12 h. However, three females that did not start oviposition within 12 h showed a second movement the next night or the night after, and then initiated the first oviposition (Nos. 7, 9, and 10). Five females started oviposition without movement after copulation (Nos. 11, 13-15, and 17). Thirteen of 20 female moved between 19:00 and 21:00 before the initiation of oviposition. This period coincided with about one to two hours after sunset, as sunset time during the experimental period was 18:40-19:00. Six other movements occurred after 21:00, and the other occurred after 17:00. Once oviposition had started, females did not fly (Table 1) .
The longevity of 21 females used in the mating observations was 8.5Ϯ0.6 (d, meanϮSD).
Observation 3: Flight distance and speed of a virgin female
The simplified flight tracks of a virgin female based on the video recorded by digital camera are shown in Fig. 2 . She flew between locations on the upper surface and higher points of the experimental cage without landing on the ground. No preference for a particular direction was observed.
She sometimes touched the upper portion of the lateral net, but the influence on the estimation of flight distance seemed to be minimal because she did not stay there long (within one second) throughout the recording periods.
The flight distances (m) measured during tracks of 30 s were 10.4, 9.9, and 11.7, respectively. As a result, the flight speed (m/min) was estimated at 21.3Ϯ1.9 (meanϮSD).
Observation 4: Flight duration of females
The mean flight duration was measured at 10.6 min (SDϭ9.2, nϭ17) for virgin females and 12.6 min (SDϭ5.7, nϭ18) for mated females. There was no significant difference in flight duration between virgin and mated females (t-test, pϾ0.05). The maximum record was 35 min for virgin females and 25 min for mated females, while the minimum was zero for both females. Koshio (1996) reported the preovipositional flight behavior of mated females. Our results indicate that not only mated females but also virgin females fly actively after sunset without mating. It is most likely that the preovipositional flight behavior of mated females has the function of ovipositional site selection, such as optimal height (Higashiura, 1989a, b) . In virgin females, in contrast, their flight behavior seems to be to move to a more appropriate site for mating. During daytime, virgin females continue calling behavior to attract males. If they cannot copulate with males, they move by flight soon after sunset and then call males again from new sites from that night. In other words, in the evening, virgin females fly to search for a more appropriate site for mating where males are abundant, while males fly to search for females during the daytime.
DISCUSSION
We also observed some copulation at night (Nos. 13-17, and 20 in Table 1 ). In two cases (Nos. 13 and 20), females could not copulate during the daytime, although males were present and females were calling from the morning or afternoon. In the other four cases, mating experiments were started at 20:00, and they copulated within 5 min (Nos. 14-17). Five of these females moved just before copulation (Nos. 13-16, and 20). Cardé et al. (1974) reported a periodic change in the attraction of pheromones or virgin females for males in northern Connecticut, USA. The results showed a double peak of male attraction, 10:00-11:00 and 19:00-20:00. Fullard and Napoleone (2001) also showed both diurnal and nocturnal activities in a Canadian population of gypsy moths. Moreover, Cardé et al. (1996) reported that male Asian gypsy moths were attracted to synthetic pheromone and showed a bimodal pattern of attraction, the first peak in early to mid-afternoon and the second peak at the subsequent sunset. This suggests that both Asian and European gypsy moths have nocturnal mating systems as well as diurnal mating systems. Our results demonstrate the nocturnal matings of Asian gypsy moths under semi-natural conditions. Females who copulated at night often started oviposition in place without moving (Nos. 13-15, and 17 in Table 1) .
Our results and Koshio (1996) give an overview of gypsy moth female flight behavior (Fig. 3) . The eclosion of females was observed most frequently around noon except for a few females that emerged in the morning (7:00) or evening (19:00) (R. Iwaizumi, unpublished data). Females start calling and copulate with males usually on the day of emergence. If they cannot mate during the daytime, they move by flight soon after sunset that evening and continue calling from the new site. These females copulate with males during that night or in the subsequent daytime. Virgin females repeat flight behavior every evening until they copulate. If females mate at night, they usually start oviposition at the same sites without flight. In contrast, females mated during the daytime usually fly to the oviposition site after sunset. Females oviposit intermittently for several nights in succession and then die after completing the egg mass.
The mean flight speed of a virgin female was 21.3 (m/min), and the flight duration was measured at 10.6 min for virgin females and 12.6 min for mated females. So far, the flight speed, duration and distance of moths have been measured or estimated mainly using a flight mill (Noda and Kamano, 1988; Shirai, 1991 Shirai, , 1998 Shumacher et al., 1997; Shirai et al., 1998; Shirai and Kosugi, 2000; Ishiguri and Shirai, 2004) . Using the method, the flight speed (m/min) of virgin females was recorded as follows, Spodoptera litura (50-60), Plutella xylostella ( We were not able to record the flight behavior of all other individuals in the dark to estimate their flight speed, and could not compare the flight pattern of this virgin female with that of other females, including mated females. In our observations, no particular difference was observed in the 126 R. IWAIZUMI et al. Fig. 3 . Outline of AGM female behavior. During the daytime, females continue calling and copulate if males approach. Both mated and non-mated females fly in the evening. Mated females then start oviposition and never fly again. Non-mated females continue calling even at night and copulate if males approach. Virgin females repeat calling and flight in evening until they can copulate. flight behavior of virgin and mated females. In other moths, such as Cydia pomonella, Ostrinia furnacalis, Adoxophyes honmai and Carposina sasakii, the flight speed of mated females is not different from that of virgin females (Schumacher et al., 1997; Shirai, 1998; Shirai and Kosugi, 2000; Ishiguri and Shirai, 2004 ). An important factor affecting their flight speed seems to be their body weight. Our results showed that mated Asian gypsy moth females flew only before starting their oviposition and therefore there may be no difference in the body weight of virgin and mated females, although there are no available data. Further studies are necessary using more individuals, including mated females, to estimate the flight speed exactly. In addition, another method using a speed sensor (Tsunoda and Moriya, 2008) will be examined for estimation.
Our preliminary estimation indicated that the mean flight distance was 226 m in virgin females and 269 m in mated females. The maximum flight distances of virgin and mated females were 746 m and 511 m, respectively. Recently, Liebhold et al. (2008) investigated the distribution of AGM egg masses in Kanazawa City, Japan, and clarified that the egg masses were very abundant within 1 km from the edge of forest land. Therefore, they suggested that the flight distance of AGM females of the Japanese population is generally limited to 1 km. Their estimation almost coincides with our results obtained from observations 3 and 4 if females fly once or twice before starting oviposition. To reduce the risk of AGM egg mass attachment to vessels, control of the AGM population in port areas is imperative. Based on the above information of female flight distance, a port area which covers a minimum radius of 1 km must be necessary to accomplish this purpose.
The fact that virgin and mated females of Asian gypsy moths fly actively at night should also be considered from the perspective of control. Observations have been reported that both male and female moths are attracted to light sources at night, especially in the high population in Japan (e.g., Kenda, 1959) . More effective light sources, such as yellow fluorescent light or sodium lamps (Wallner et al., 1995; Kono and Yase, 1996) to suppress female aggregation at lights, in conjunction with UV light traps to attract and kill them, should be examined in the future.
